Introduction
Physical meanings of the fatigue limit are classified into two cases: critical stress amplitudes for fatigue crack initiation and fatigue crack propagation. The fatigue limit of ferritic steels is determined by the occurrence of fatigue crack non-propagation after crack initiation even in smooth specimens. 1, 2) The primary factors that affect crack nonpropagation behavior in ferritic steels are plasticity-induced crack closure 3) and strain-age hardening at a crack tip. [4] [5] [6] In addition, suppression of fatigue crack initiation is crucial even for the crack propagation phenomenon, since fatigue cracks can propagate through the coalescence of cracks when subcracks form in the vicinity of the main crack. 7, 8) Once the fatigue crack ceases to propagate without new crack initiation, the specimen does not show failure in an ideal constant loading condition. Interestingly, a specimen fatigued at the fatigue limit does not show failure even after a slight increase in the stress amplitude. 9, 10) This phenomenon is called the "coax-
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ing effect". For instance, when the stress amplitude was increased by 5 MPa every 10 7 cycles, from 210 MPa, in a Fe-C ferritic alloy, the specimen did not show failure until 250 MPa. 7, 8) In fact, the fatigue life without the coaxing effect was shorter than 2 × 10 6 cycles even at 240 MPa. 7, 8) Utilization of the coaxing effect is expected to improve the robustness of the fatigue limit, particularly when the fatigue limit is controlled by the threshold stress for crack propagation. However, the underlying mechanism of the coaxing effect has not been elucidated yet. It has been reported that the coaxing effect appears when work hardening 11) or strain-age hardening of carbon 12, 13) are significant during fatigue. The latter factor likely plays an important role in the appearance of the coaxing effect in ferritic steels. 10) Assuming that strain-age hardening is important, the coaxing effect must be a kinetic problem. More specifically, the coaxing effect is considered to depend on the aging time (not the number of cycles), the plastic strain at a crack tip, and the carbon concentration. However, to the best of our knowledge, a detailed study on the coaxing effect has not been performed under a controlled test time. This study aims to examine factors controlling the coaxing effect such as work hardening, carbon concentration, and aging time. Then, we specifically clarify the importance of the factors on the suppression of fatigue crack initiation or propagation in ferritic steels.
Experimental Procedure
In this study, we investigated the effects of work hardening, carbon concentration, aging time, and plastic strain at the crack tip on the coaxing effect. For this purpose, interstitial free (IF) steel and Fe-0.006C and Fe-0.017C alloys were produced. The IF steel is the same as that used in a previous study. 6) Chemical compositions of the steels used are listed in Table 1 . The work hardening behavior of the Fe-0.017C alloy was varied by microstructural control through heat treatment with the same chemical composition. When the alloy was annealed at 973 K for 1 h followed by water-quenching, all carbon atoms were in solid solution. The water-quenched alloy is referred to as 17CWQ steel. In addition, different low temperature heat treatments shown in Table 2 were applied to 17CWQ steel to produce alloys with intergranular and transgranular cementite precipitates without the solute carbon. The former and latter are referred to as ICP and TCP steels, respectively. The details of the cementite precipitation are given elsewhere. 14, 15) The Fe-0.006C alloy was used to investigate the effect of the solute carbon concentration. Therefore, it was heat treated under the same conditions as the 17CWQ steel. Accordingly, the water-quenched Fe-0.006C alloy is referred to as 06CWQ steel. Special attention was paid to prevent quench-aging by keeping the water quenched specimens at 186 K except for the period of specimen preparation and testing.
First, tensile testing was carried out at an initial strain rate of 10 − 3 s − 1 and at ambient temperature (≈298 K). The specimen geometry for tensile testing is shown in Fig. 1(a) . Specimens for rotating bending fatigue testing with the geometry shown in Fig. 1 (b) were produced by lathe. The sample surface was mechanically polished and subsequently etched with 3% Nital to observe the microstructure on the specimen surface. The fatigue tests were conducted at 50 Hz and at ambient temperature. The stress ratio was R = − 1 with a sinusoidal waveform. In this study, the fatigue limit was assumed to be the highest stress amplitude where the specimen did not show failure until 10 7 cycles. In order to examine the degree of the coaxing effect, the fatigue tests were stopped when the specimen was fatigued at the fatigue limit up to 10 7 cycles. Then, the stress amplitude was increased after a constant number of cycles. The plastic one-step replica method was utilized to observe the smallfatigue-crack propagation behavior. A 34-μm-thick acetyl cellulose film was used for the replication. The replica sheet was immersed in methyl acetate prior to being placed on the specimen surface. The lengths of the fatigue cracks were measured from the optical microscopy images of the replicas. Figure 2 shows engineering stress-strain curves of the steels used for the present study. The work hardening capacity increased with increasing solute carbon content as demonstrated by a comparison between the IF, 06CWQ, and 17CWQ steels. In addition, both the ICP and TCP steels showed a lower work hardening capacity than the 17CWQ steel, but the ICP steel showed a higher and sustained work hardening capacity compared to the TCP steel. The differences between the lower yield strength and the 10% flow stress of the 17CWQ, ICP, and TCP steels were 112, 98, and 71 MPa, respectively. That is, the differences in work hardening capacity among the 17CWQ, ICP, and TCP steels were significant. not show a distinct coaxing effect. Moreover, no significant difference in the degree of the coaxing effect was observed between the ICP and TCP steels, although the work hardening capacities of the two steels showed a notable difference compared to the difference between those of the 17CWQ and ICP steels (see the difference between the yield strength and the 10% flow stress mentioned above). Figure 4 shows replica images during the coaxing effect tests of the 17CWQ steel. Hereafter, all arrows in the replica images indicate the main crack tips. The non-propagating crack formed at the fatigue limit did not grow even after increasing the stress amplitude from the fatigue limit to 250 MPa (Figs. 4(b) to 4(d)). Instead, a new crack was initiated at 250 MPa, as shown in Fig. 4 (e), which propagated until failure at the same stress amplitude. The ICP and TCP steels also showed non-propagating fatigue cracks, as shown in Figs. 5 and 6 ; however, the cracks started to propagate after increasing the stress amplitude by 10 MPa, e.g., Figs. 6(c) to 6(e). Figure 7 shows S-N diagrams of the IF, 06CWQ, and 17CWQ steels. Similar to the ICP and TCP steels, the degrees of the coaxing effect of the IF and 06CWQ steels were markedly lower than that of the 17CWQ steel. Sets of corresponding replica images are shown in Figs. 8 and 9. The IF steel specimen showed no crack initiation at the fatigue limit, but transgranular fatigue crack initiation and propagation was observed after increasing the stress amplitude. The 06CWQ steel showed intergranular cracking at the fatigue limits. Because the image contrast of the region showing intergranular cracks is darker than that of the region showing transgranular cracks in Fig. 9(b) , the intergranular cracks are assumed to form first, and subsequently coalesce with each other through the transgranular crack propagation. The long crack formed by the crack coalescence propagated until failure (through Figs. 9(c) to 9(f)).
Results
In order to investigate the effect of aging time on the coaxing effect in the 17CWQ steel, a smooth specimen was fatigued at 240 MPa for 3.0 × 10 5 cycles, followed by aging at ambient temperature for two weeks without loading. An aging time of two weeks corresponds to the total test time for the coaxing effect test up to 240 MPa shown in Fig. 3 . After the aging process, the specimen was fatigued at the same stress amplitude (240 MPa) until failure. As a result ( Fig. 10) , the total fatigue life was longer than that without aging; however, the effect of aging on the fatigue life was much lower than the coaxing effect. Figure 11 shows replica images that indicate multiple crack formation before the fatigue test was interrupted. The cracks coalesced with each other after the fatigue test was restarted and subsequently grew until failure. Next, to investigate an effect of the stress amplitude increment on the coaxing effect in the 17CWQ steel, the stress amplitude increment was changed from 5 MPa to 10 MPa. To have a similar total test time, the number of cycles for each step was set to be 2 × 10 7 cycles accordingly. As shown in Fig. 12 , the coaxing effect was markedly deteriorated by increasing the stress amplitude increment for each step. Similar to the experiment on the effect of aging time, secondary crack formation was observed when the stress amplitude was increased to 220 MPa, as shown in Fig. 13 . Once the cracks coalesced with each other, the crack began to propagate again.
Discussion

Effect of Work Hardening
As shown in Fig. 3 , the coaxing effect in 17CWQ, ICP, and TCP steels with the same carbon concentration, but with the different states of carbon, was investigated. The 17CWQ steel had higher capacities for both work hardening and strain-age hardening than the ICP and TCP steels. Therefore, the outstanding coaxing effect of the 17CWQ steel can be attributed to both the work hardening and the strain-age hardening capacities. However, the ICP steel showed nearly the same degree of the coaxing effect as the TCP steel, even though the work hardening capacity of the ICP steel was significantly higher than that of the TCP steel. This fact indicates that a difference in the work hardening capacity does not explain the outstanding coaxing effect of the 17CWQ steel nor the lack of a significant difference in the coaxing effect between the ICP and TCP steels in the present experimental conditions.
Effect of Carbon Concentration
The fatigue crack initiated at the fatigue limit in the 17CWQ steel did not become the main crack that caused the failure in the coaxing effect test. In a previous study, 16) steels with a high strain-age-hardening capacity were reported to show fatigue crack non-propagation, but, unlike the present results, the non-propagating fatigue crack began to propagate again until failure when the stress amplitude was increased to a maximum stress in the coaxing effect test. Namely, the new fatigue crack initiation and subsequent propagation at the maximum stress amplitude in the 17CWQ steel is a crucial finding that indicates the importance of fatigue crack initiation on the coaxing effect in ferritic steels. This fact indicates that the crack initiation limit controls the magnitude of the coaxing effect when conditions for strain-aging such as solute carbon concentration and aging time are optimized to suppress fatigue crack propagation.
A comparison among the degrees of the coaxing effect of the IF, 06CWQ, and 17CWQ steels (Fig. 7) shows that the appearance of the coaxing effect required a high amount of solute carbon. Specifically, a carbon content of 0.006% was not sufficient to show a distinct coaxing effect. The fatigue limit of the 17CWQ steel was controlled by two factors: 1) the transgranular fatigue crack non-propagation phenomenon and 2) fatigue crack initiation along grain boundaries and subsequent coalescence with the main crack. 7, 8) Accordingly, the coaxing effect in the 17CWQ steel enhanced its resistance to transgranular fatigue crack growth and to intergranular fatigue crack initiation. In contrast, distinct fatigue crack non-propagation was not observed during the coaxing effect test in the 06CWQ steel, probably because of the frequent intergranular fatigue crack initiation and subsequent coalescence. Since the main fatigue crack becomes longer after the coalescence, the fatigue crack propagation no longer stopped. Therefore, at least, a carbon concentration of 0.006% was not sufficient to suppress intergranular cracking during the coaxing effect testing. In other words, the addition of 0.006% C may effectively enhance the resistance to transgranular crack growth in notched specimens. To clarify the dependence of the resistance to transgranular crack growth on the carbon concentration, we must further investigate the threshold stress intensity factor of micro-notched specimens with different carbon concentrations in a future work.
Effect of Aging Time
As mentioned above, the outstanding coaxing effect of the 17CWQ steel stems from strain-age hardening. Specifically, strain-age hardening suppresses intergranular fatigue crack initiation and transgranular fatigue crack propagation. Therefore, next, we clarified the effects of factors affecting strain-age hardening on the coaxing effect. The most important factor for strain-age hardening is the aging time, because it is a kinetic problem. As shown in Fig.  10 , the aging process alone could improve the fatigue life, indicating that the effect of aging time is not a negligible factor for intergranular fatigue crack initiation or propagation. However, the impact of the aging time on the fatigue life was smaller than the coaxing effect. In addition, the fatigue test at a high stress amplitude without the coaxing effect showed multiple intergranular cracks. Because of the coalescence of the cracks, the crack length becomes greater, causing further fatigue crack propagation and subsequent failure. That is, multiple intergranular crack initiation is the most critical phenomenon leading to the difference in fatigue life with only strain aging and the stepwise stress amplitude increment. This fact indicates that the stepwise stress increment to obtain the coaxing effect is crucial to suppress intergranular fatigue crack initiation. As reported, polycrystalline steels have elastic and plastic anisotropies that cause intergranular stress. 17) To accommodate the intergranular stress, plastic strain evolves in the vicinity of grain boundaries. In fact, localized dislocation slip in the vicinity of a grain boundary has been reported to cause ductile intergranular damage nucleation. 15, 18) It is plausible that dislocation pinning associated with strainage hardening can interrupt slip localization as long as the trapped dislocations do not escape from the Cottrell atmosphere. This phenomenon homogenizes the plastic strain distribution in the vicinity of grain boundaries. In terms of this strain homogenization process, the repetition of stress increment and fatigue at a constant stress amplitude effectively acts to promote dislocation pinning in slip-localized regions. In other words, the alternate process of slip and dislocation pinning induces dislocation slip on other slip planes, suppressing damage nucleation. Hence, the fatigue at a high stress amplitude and subsequent aging could not provide drastic improvement in the fatigue life compared to the stepwise stress increment.
Effect of Stress Increment
An increase in the stress amplitude increment also critically deteriorated the degree of the coaxing effect, even when the test time for each step was adjusted to be the same, as shown in Fig. 12 . Similar to the effect of aging time, secondary cracks appeared and subsequently coalesced with the main crack in the coaxing effect test with a 10-MPa stress amplitude increment step. This coalescence process stemming from the ease of intergranular crack initiation was the critical factor that caused the failure at a lower stress amplitude than the test with a 5-MPa stress amplitude increment step. Since the larger stress amplitude increment would cause a larger slip localization before strain-age hardening, the easy intergranular fatigue crack initiation and associated early failure at the 10-MPa stress amplitude increment is similar to the case of the effect of aging time on the fatigue life. Consequently, to suppress strain localization in the vicinity of the grain boundary by strain-age hardening, the coaxing effect requires a small stress amplitude increment step, sufficient aging time, and a high solute carbon concentration, such as 0.017 wt% in the present smooth steel specimens.
Conclusion
Factors that affect the coaxing effect in ferritic Fe-C binary steels were investigated in terms of work hardening, carbon concentration, aging time, and stress increment step. More specifically, rotating bending fatigue tests including a process of stepwise stress increases every 10 7 cycles were carried out with different work hardening capacities, solute carbon concentrations, and stress amplitude increments. In addition, a fatigue test was interrupted at a high stress amplitude, aged and subsequently restarted to examine an effect of aging time. It was concluded that the effect of work hardening is minor, and strain-age hardening is the primary factor that influences the coaxing effect. The details are given below.
(1) The phenomena triggering the coaxing effect are intergranular fatigue crack initiation and non-propagation of transgranular fatigue cracks. In particular, the coaxing effect of the smooth steel specimens tested was predominantly controlled by the intergranular fatigue crack initiation behavior.
(2) To suppress the intergranular fatigue crack initiation, a considerable amount of solute carbon and an alternating process of increasing the stress amplitude and aging at a constant stress amplitude are required simultaneously.
(3) The aging time affects the fatigue life even without stepwise stress increments because of the contribution of carbon diffusion/segregation at dislocations. However, the effect of the aging time on the fatigue life is much lower than the coaxing effect caused by repetition of fatigue at a constant stress amplitude and an increase in the stress amplitude.
(4) Intergranular fatigue crack initiation becomes easy with increasing stress increment steps with the coaxing effect even when the test time for each step is adjusted to be the same.
